Abstract The electrochemical behaviour of o-cresol in acidic medium on platinum electrode has been studied by cyclic voltammetry and in situ Fourier transform infrared spectroscopy. The o-cresol suffers hydrolysis during oxidation giving rise to the formation of methyl-p-benzoquinone. In situ FTIR spectroscopic studies also reveal the presence of CO 2 , formed as a consequence of the rupture of the aromatic ring. Moreover, the oxidation of o-cresol in acidic medium produces a polymeric film on the platinum surface that precludes further oxidation of o-cresol. The reduction of o-cresol at potentials below 0 V produces in the first step the partial reduction of the aromatic ring and when the potential goes to values below 0 V, methyl-cyclohexanone.
Introduction
The adsorption and reactivity of organic compounds at the electrode/electrolyte interface is a subject of general interest in electrocatalysis and in electrochemical surface science. The electrosorption properties and reactivity of several aromatic compounds, i.e. benzene, toluene, phenol or benzoic acid, on metallic surfaces have been quite well studied for years [1] [2] [3] .
The electrochemical reactivity of the aromatic compounds is strongly related to the interaction of the compound with the metallic surface. The adsorbate structure and mode of bonding of these aromatic compounds control their electrochemical reactivity [3] . The simplest aromatic compound (benzene) suffers different electrochemical reductions depending on the electrode surface and on pH [4] [5] [6] .
The reduction of benzene yields cyclohexane and this reaction is concomitant to the hydrogen evolution reaction (HER) since cyclohexane is produced by the presence of adsorbed hydrogen at low (over)potentials [7] . Therefore, the formation of this product requires adsorbed benzene on the electrode at the potential of HER.
While in acidic medium, benzene is electrochemically reduced to cyclohexane and also desorbed; in alkaline medium, this reaction is not produced as consequence of the high overpotential of hydrogen evolution reaction in comparison to acid solution [8, 9] . Very similar behaviour is reported for other aromatic compounds like toluene or xylene [10] .
On the other hand, the electrochemical oxidation of benzene or toluene in acidic media yields CO 2 , benzoquinone and α,β-unsaturated esters or lactones, produced in the oxidative breaking of the aromatic ring. However, in alkaline medium, the oxidation of aromatic compounds produces the rupture of the aromatic ring yielding carbonate anions coming from CO 2 and salts of carboxylic acids [8, 11] .
The presence of electronegative side groups attached to the aromatic ring modifies the electrochemical reactivity (i.e. benzoic acid). For example, it is usual to observe changes in the adsorption orientation of benzoic acid onto metallic electrodes. At potentials less positive than 0.5 V versus RHE, a reorientation of the organic compound is detected, passing from a perpendicular adsorption in a twofold coordination through the carboxylate group to a parallel adsorption (through the aromatic ring). At potentials more positive than 0.5 V, an increase of the surface coverage of benzoate anions adsorbed through the carboxylate group happens, reaching a maximum at 0.8 V. This behaviour has been observed for platinum and gold electrodes [12] . Other substituted aromatic compounds like hydroquinone (HQ) have been also studied on platinum electrodes [13] . According to these authors, hydroquinone could adsorb in two orientational states at polycrystalline Pt surfaces. At concentrations below 0.1-mM HQ solution, a horizontal orientation with the aromatic ring parallel to the electrode surface is predominant, while adsorption from solutions more concentrated than 1 mM HQ, a vertical orientation with the ring nearly perpendicular to the Pt surface is reported.
The study of the electrochemical reactivity of aromatic compounds has a great importance and interest, because these compounds are used in many chemical processes. In addition to its applications, some of these aromatic compounds are highly hazardous pollutants of many industrial processes. For example, phenol and cresol are persistent organic compounds found in aqueous effluents from petroleum refineries, steel plants, dyeing manufacturing, pharmaceutical and plastic industries, etc. [14] [15] [16] [17] [18] [19] [20] . Electrochemical methods have been successfully used in the detection and elimination of some phenolic compounds because they are oxidised at readily accessible potentials [4] [5] [6] [7] [8] [9] .
There have been several electrochemical studies of phenolic compounds on Pt and Au electrodes in acid medium [21] [22] [23] [24] [25] . The mechanism for the oxidation of these compounds has been proposed [21, 22, 25] . It has been suggested that a free radical is formed during the initial one-electron oxidation of cresol. The coupling of the radicals followed by intramolecular rearrangements results in the formation of dimeric products and/or long chain polymeric species [21, 22] . This coupling is more favoured in acidic media. It is well known that phenolic compounds give polymeric products during their oxidation on platinum electrodes [21, 23, 26, 27] . From FTIR results, Gattrell and Kirk [21, 22] postulated the structures for different films produced by oxidation of phenolic compounds (p-cresol, o,o′-biphenol and phenol). In the case of phenol, these authors proposed that the polymer contains a mixture of mostly directly linked phenol rings with some ether-linked rings. Polymeric films formed on Pt by electropolymerization of phenol in alkaline medium were analysed by X-ray photoelectron spectroscopy by Lapuente et al. [27] , who suggested that films grown either potentiostatically or potentiodynamically possess a common structure of aromatic carbon rings linked through ether bonds with some ring positions occupied by hydroxyl groups. Ferreira et al. [24] studied the formation of polymeric products resulting from electrooxidation of phenolic compounds in aqueous solutions by different techniques (cyclic voltammetry, Fourier transform infrared spectroscopy (FTIR) and electrochemical quartz crystal microbalance) on Au and Pt electrodes. They concluded that the polymeric products formed from substituted phenol are more passivating than those from the unsubstituted phenol.
This work studies the electrochemical reactivity of o-cresol using platinum electrodes in acidic solutions. Cyclic voltammetry and in situ Fourier transform infrared spectroscopy have been combined to analyse the soluble products obtained on platinum electrodes.
Experiment
The test solutions were 0.5 M H 2 SO 4 from Merck Suprapur concentrated acid. Ortho-cresol was supplied by Aldrich and was used as received. The water employed for the preparation of the solutions was obtained from an Elga Labwater Purelab system (18.2 MΩ cm). D 2 O was from Aldrich chemicals, 99.9 % atom % D.
All electrochemical measurements were carried out in a conventional three-electrode cell. The counter electrode was a spiral of platinum wire, and a reversible hydrogen electrode (RHE) immersed in the same solution using a Luggin was used as the reference electrode. A polycrystalline platinum electrode was used as working electrode and it was thermally cleaned and subsequently protected from the laboratory atmosphere by a droplet of ultrapure water.
Cyclic voltammograms were recorded at room temperature with a standard setup equipment and at a sweep rate of 50 mV s −1 . A Nicolet Magna 850 spectrometer equipped with a liquid nitrogen-cooled MCT detector was employed for in situ FTIR measurements. The sample compartment was purged throughout the experiment using a 75-50 Balston clean air package. The electrode used was a polycrystalline platinum disc of 8 mm in diameter obtained from Goodfellow Metals (purity 99.99 %). The disc was mounted on a glass tube and its surface was polished using alumina powder of several sizes (1, 0.3 and 0.05 μm) before the thermal treatment [11, 12] . A platinum wire was used as counter electrode.
The thin-layer spectro-electrochemical cell was made of glass and was provided with a prismatic CaF 2 window bevelled to 60°. Spectra were collected at 8 cm −1 resolution and are presented as ΔR/R. FTIR-ATR experiments were performed on a Nicolet 5700 equipped with a MCT detector and a diamond ATR crystal. and irreversible peak at 1.36 V. The current density of this oxidation process decreases in the second cycle. During the subsequent cycles, the oxidation of o-cresol is gradually hindered until no anodic peak associated with the oxidation of ocresol is observed in the fifth cycle. From this voltammetric behaviour, it could be stated that the products of o-cresol oxidation block the electrode surface, preventing o-cresol from further oxidation. Thus, the behaviour observed in Fig. 1 can be associated with the formation of a nonconducting polymeric film on the electrode surface.
Results and Discussion
To confirm the existence of a polymeric film on the electrode surface, the covered electrode, obtained after five sweeps up to 1.8 V as in Fig. 1 , was removed from the electrochemical cell and thoroughly washed with ultrapure water. Then, it was immersed in o-cresol-free 0.5 M H 2 SO 4 solution at 0.3 Vand cycled between 0.06 and 1.6 V (Fig. 2) . It can be observed that the voltammogram is different from that obtained with a clean platinum electrode (Fig. 2, dashed line) . Most of the adsorption sites of the platinum surface are blocked, as indicated by the low electric charge recorded in the potential zone between 0.06 and 0.4 V. The current density associated with the surface oxide is smaller than that obtained for the clean platinum electrode. Also, there is still an anodic current above 1.0 V whose charge is not counterbalanced by the charge in the subsequent reverse scan, thus pointing to a continuous oxidative degradation of the insulating thin film in the potential interval explored. Then, these results indicate that an insulating film is formed during oxidation of cresol at these conditions that is oxidised to high potentials.
FTIR-ATR Study
The ex situ ATR-FTIR spectrum of the polymer produced by electrooxidation of 10 −3 M cresol in 0.5 M H 2 SO 4 solution during 2 h at 1.8 V is shown in Fig. 3 . The spectrum shows several bands in the range 1,400-1,600 cm −1 related with the aromatic C═C stretching vibration, the strongest lying at around 1,600 cm −1 which indicates that the polymeric film has an aromatic ring backbone. The band at 1,457 cm −1 could be associated with a C═C stretching vibration mode of tri-substituted benzenes, although it may also be contributed by the asymmetric C-H deformation vibration of methyl groups. The intense band at 1,019 cm , respectively, in methyl-substituted aromatic rings [28, 29] . The spectrum also shows very strong bands between 1,600 and 1,800 cm . These bands could be associated with the stretching vibration of C═O; the presence of this group indicates the formation of quinone-like moieties. Then, this assignment suggests that the formed polymer is overoxidized under our experimental conditions as Fig. 2 shows. In summary, it can be concluded that the polymer formed under our experimental conditions does not present a defined structure: it probably comprises different oligomers with C-C or 
In situ FTIR Study
In order to analyse the species produced during the oxidation and reduction of o-cresol, in situ Fourier transform infrared (FTIR) spectroscopy experiments were performed. Figure 4 shows the in situ FTIR spectra obtained for a platinum electrode in 0.5 M H 2 SO 4 +10 −3 M o-cresol solution during the oxidation (Fig. 4a) and reduction (Fig. 4b) of ocresol. These experiments were conducted with water as the solvent. After the flame treatment, the electrode was introduced in the working solution at 0.3 V and the reference spectrum was collected. The potential was then stepped to higher (Fig. 4a) or lower (Fig. 4b) values and 100 interferograms were collected at each step. In Fig. 4a (oxidation), a sharp band at 2,345 cm −1 corresponding to the formation of CO 2 arises at 0.8 V and increases abruptly at higher potentials. The onset of the CO 2 band occurs at a lower potential than that observed during the oxidation of benzene in the same conditions [11, 12] . The shift in the CO 2 formation potential points to a destabilisation of the aromatic ring against oxidation as consequence of the presence of two activating substituents. At a potential of 1.2 V, an additional positive band around 1,253 cm −1 associated to C-O stretching vibration in phenolic compounds [28] indicates the disappearance of the alcohol group. The oxidation of phenol at a platinum electrode was studied in aqueous acidic solution by Gattrell and Kirk [21, 22] . According to these authors, the oxidation of adsorbed phenol involves the ring cleavage. However, the phenol in solution reacts by rapid oxidation involving minimal rearrangement of the reactant molecule, implying the formation of benzoquine and polymer with ether structures. These molecules suffer posterior oxidation with the ring cleavage.
In Fig. 4b (reduction) , no clear bands are observed when the potential was stepped down to 0.25 and 0.05 V. Only when the potential reaches −0.02 V (onset of the hydrogen evolution), two negative bands at 2,923 and 2,852 cm
, together with a small band at 1,455 cm −1 (not shown in the spectra of Fig. 4b) , are clearly observed. These bands can be assigned to the C-H symmetric and asymmetric stretching of a methylene group (-CH 2 -), respectively. The band at 1,455 cm
can be associated to the -CH 2 -scissor vibration of the same methylene group [28, 29] . The presence of these bands strongly suggests the hydrogenation of the aromatic ring of the ocresol molecule to yield methyl-substituted cyclic aliphatic rings. Similar bands were reported to occur during the electrochemical reduction on platinum electrodes of several aromatic compounds (benzene, toluene and benzoic acid) in aqueous solutions at different pHs [8, [10] [11] [12] . It was observed that the reductive hydrogenation of the aromatic ring of such compounds occurs in acidic media concomitant to the reduction of water to hydrogen. This adsorbed hydrogen at lower overpotentials is responsible for the reduction the aromatic system that is adsorbed on the electrode surface, with the generation of a fully saturated ring. In order to avoid the interference of the water absorption band in the zone between 1,640 and 1,700 cm
, the spectra were also obtained in deuterated water (Fig. 5) using the same reference potential of 0.3 V. Under these conditions, several bands are clearly observed. When the potential reaches a value of 0.8 V (Fig. 5a) , negative bands at 1,653, 1,500 and 1,273 appear at 0.8 V. The 1,653-cm −1 band increases sharply at higher potentials. At potentials above 1.2 V, two additional, well-discerned negative bands at 1,629 and 1,603 cm −1 arise.
The 1,500-cm −1 band is however absent at these high . The intensity of these bands also increases upon raising the potential. The two former bands can be related to aromatic >C═C< stretching modes of the o-cresol that is being desorbed from the electrode surface at such positive potentials. The absorptions at 1,365 and 1,233 cm −1 can correspond to combination bands of the OH deformation and C-O stretching modes in o-substituted phenols, yet the former feature could also be contributed by the symmetric C-H deformation vibration of the methyl group. The sign of these bands points that o-cresol is being desorbed and the molecule loses the alcohol group to be transformed into quinone species. The bands at 1,578 (1,576 cm −1 in Fig. 5b ), 1,447 and 1,365 also appear when the potential is stepped down below 0.3 V (Fig. 5b, 0 features can be considered corresponding to surface o-cresol in different adsorption configurations. The potential-dependent reorientation of adsorbed aromatic systems has been reported earlier for several molecules on Pt and Au electrodes [12, 31] . These studies postulated a change in the adsorption geometry from ring vertical orientations at high potential or high concentration to ring parallel to the surface at low potential or low concentration. When the potential decreases to −0.02 V (Fig. 5b) , the group of bands at 1,576, 1,447 and 1,365 cm −1 disappear and a new negative band at 1,683 cm −1 appears. This latter frequency is within the range of carbonyl functionalities. A weak negative band at ∼2,100 cm −1 could be ascribed to the C-D stretching mode of deuterated cyclohexyl rings [32] . From these results in (Fig. 4b) , it can be inferred that adsorbed o-cresol is hydrogenated by adsorbed H 2 at low overpotential to yield dissolved cyclohexyl products. Therefore, we tentatively assign the absorption at 1,683 cm −1 to soluble 2-methyl-cyclohexanone. The selective hydrogenation of aromatic alcohols, including phenols and alkyl-substituted phenols, to yield the corresponding cyclohexanone is a well-documented reaction that has a tremendous impact in heterogeneous catalysis [33] . The formation of cyclohexanone products, jointly with cyclohexanol, cyclohexene or even benzene, has been reported to occur during either gasphase or liquid-phase hydrogenation of phenols over supported Pd, Pt and Ni catalysts [33] [34] [35] . Also, the electrolytic reduction of phenol and methyl-substituted phenols on bulk Pt and Pt-or Rh-coated carbon electrodes in dilute sulfuric acid solutions has been shown to yield a mixture of cyclohexanone and cyclohexanol, together with cyclohexane formed by hydrogenolysis of the alcohol group [36] . Similarly, mixtures of alkylcyclohexanone and alkyl-cyclohexanol have been obtained by electrolytic hydrogenation of alkyl-substituted phenols on Raney nickel cathodes, the relative abundance of those products being dependant on the particular experimental conditions [37] . It is widely accepted that the heterogeneous hydrogenation reaction of aromatic compounds (or more generally of unsaturated compounds) proceeds between the adsorbed organic molecule and adsorbed hydrogen [33] . In electrochemical hydrogenations, the adsorbed hydrogen is electrogenerated by reduction of hydronium ions (or water) at low overpotential [37] . A general mechanism has been proposed in which the hydrogenation of adsorbed unsaturated organics competes with the HER via either Tafel or Heyrovski routes [37] : 
In our present case, four adsorbed hydrogen atoms must be involved in the reaction pathway to convert o-cresol into methyl-cyclohexanone.
Conclusions
The electrochemical behaviour of cresol on platinum electrodes has been studied using cyclic voltammetry and in situ FTIR spectroscopy.
The electrooxidation of o-cresol in acid medium on platinum electrodes is inhibited by the formation of a passivating film, which hinders further o-cresol oxidation and the formation of platinum surface oxides. The spectrum of the film shows bands at 1,600, 1,457 and 1,019 cm −1 corresponding to aromatic C═C stretching vibrations and ring ═C-H deformation vibrations. These bands permit us to propose that the films created in acid medium maintain the aromatic character. The aromatic moieties are linked through ether ═C-O-C═ bonds (strong band at ∼1,150 cm ) and hence point to the polymeric nature of the film. The group of bands 2,800-3,000 cm −1 indicates that the methyl group remains attached to the aromatic ring in the polymer. However, the presence of bands associated with carbonyl group could indicate that some oxidised oligomers with quinone groups are also formed.
From the in situ FTIR results, it can be concluded that the main soluble products formed during the oxidation of o-cresol in acid medium are CO 2 and methyl-p-benzoquinone. Moreover, the o-cresol is adsorbed as the potential decreases from 0.2 to 0.0 Vand/or is reoriented on the Pt surface. At potentials below 0.0 V, o-cresol, probably adsorbed o-cresol, suffers hydrogenation to yield solution cyclohexyl molecules. Among them methyl-cyclohexanone is identified as indicated by the appearance of a band at 1,683 cm −1
.
